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To investigate the relationship between the production of poly(3-hydroxybutyrate) (PHB) and metabolic
changes during different growth phases, a non-sterile batch fermentation process involving an alkalophil-
ic and halophilic bacterium, Halomonas sp. KM-1, was used. Intracellular metabolites were analyzed
using gas chromatography-mass spectrometry to characterize the metabolic proﬁle. Signiﬁcant changes
relating to PHB production were observed in the TCA cycle, lipid-synthesis and amino acid biosynthetic
pathways were found to shift dramatically between the exponential growth and stationary phases. Dur-
ing the stationary phase, 17 metabolites were upregulated and a cell dry mass of 17.8 g/L that included
44.8% PHB was observed at 24 h in 5% glucose-supplemented cultures, whereas 11 metabolites were
upregulated and a cell dry mass of 38.4 g/L that included 73.7% PHB was observed at 36 h in 10% glu-
cose-supplemented cultures. This study provides pattern analysis of metabolite regulation during PHB
accumulation, indicating that multicomponent and phase-speciﬁc mechanisms are involved.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
In today’s modern era of science and technology, plastics have
become one of the most widely used materials and have been used
in all aspects of life, such as automobiles, home appliances, com-
puter equipment, and packaging. However, most plastics are not
environmentally friendly because they are not biodegradable
(Sharma et al., 2007). Thus, partially and completely biodegradable
alternative plastics are required and studies have been performed
in this regard. Bioplastics–biodegradable polymers, e.g., polyhy-
droxyalkanoates (PHAs), are attracting enormous attention due to
increasing demand for environmentally compatible materials from
renewable resources and have signiﬁcant potential for practical
applications.PHAs accumulate as cytoplasmic inclusions in various bacteria
and archaea under unbalanced growth conditions, usually charac-
terized by an excess supply of carbon and the lack of one or more
essential nutrients, e.g., oxygen, nitrogen, phosphorus, sulfur, and
trace elements such as magnesium, calcium, and iron (Hazer and
Steinbuchel, 2007). Because of their biodegradable and biocompat-
ible properties, PHAs have been investigated extensively as poten-
tial ‘‘green plastic’’ substitutes for petroleum-based plastics in
pharmaceutics, biomedical products, agriculture, and packaging
(Aldor and Keasling, 2003). Polyhydroxybutyrate (PHB), the best
known PHA, was ﬁrst reported by Lemoigne (1926), and the pro-
duction of PHB and its copolymer has been investigated intensively
for biotechnological applications (Suriyamongkol et al., 2007). In
addition to its role as an energy reserve, PHB is essential for stress
resistance and cell survival for bacteria living under starvation
(Ratcliff et al., 2008).
Industrially, PHAs have been produced using Azohydromonas
lata, Azotobacter vinelandii, Pseudomonas oleovorans, recombinant
Cupriavidus necator, and Escherichia coli (Li et al., 2007). These
PHA production systems are very expensive, even with respect to
media and equipment sterilization, which account for nearly 11%
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Mohan, 2012). Thus, in total, the production cost of PHAs is 4- to
9-fold higher than that for conventional plastics made from petro-
leum (Moita and Lemos, 2012). Hence, it is necessary to develop a
less complex and more economical production system for PHAs.
Among the various PHB-producing organisms, Halomonas sp. KM-
1 has some signiﬁcant characteristics as it utilizes waste biodiesel
glycerol efﬁciently for PHB production, accumulating up to 63.6%
of its dry mass in a non-sterilized medium (Kawata and Aiba,
2010).
Although pathway engineering and fermentation process
improvements, along with many other approaches, have been used
successfully for PHB accumulation with desirable properties at
lower cost and better productivity, the metabolic proﬁle of growth
phase-related PHB accumulation has not been characterized.
Kawata et al. (2012) analyzed the intracellular metabolites of
Halomonas sp. KM-1 during the stationary phase and observed
the production of 3-hydroxybutyrate, which is a monomer of
PHB. Therefore, analysis of the production of PHB and 3-hydroxy-
butyrate during different growth phases has remained an attrac-
tive problem. In addition, we suppose that metabolic proﬁle
analysis can be used to improve PHB production signiﬁcantly; thus,
we investigated the relationship between PHB production and the
metabolites of Halomonas sp. KM-1 cells during different growth
phases. To the best of our knowledge, this is the ﬁrst report to
determine the intracellular metabolic changes of a PHB-producing
bacterium via gas chromatography-mass spectrometry (GC–MS)
analysis. GC–MS is a comprehensive and non-biased technological
system that can analyze various primary metabolites related to
sugars, amino acids, and fatty acids, and it has been shown to
quantify metabolites reliably on using sample extracts (Buscher
et al., 2009; Lee et al., 2009).
In this study, we compared the intracellular metabolic changes
between 5% and 10% glucose supplements during different growth
phases, i.e., logarithmic growth, stationary, and death phases, and
found a high correlation between the metabolites and PHB
production.2. Methods
2.1. Materials and reagents
Halomonas sp. KM-1 was deposited in the International Patent
Organism Depositary as FERM BP-10995 (Kawata and Aiba,
2010). Standard chemicals such as pyruvate, lactate, glycerol, gly-
cine, succinate, glycerate, uracil, fumarate, thymine, malate, aspar-
tate, 5-oxoproline, phosphoenolpyruvate, and citrate were
purchased from Wako Pure Chemical Industries Ltd. (Osaka,
Japan); valine, proline, serine, glutamate, phenylalanine, and gluta-
mine were from Nacalai Tesque, Inc. (Kyoto, Japan); and DL-b-
hydroxybutyric acid was from Sigma–Aldrich (Tokyo, Japan).
Standard stock solutions were prepared in water (1 mg/mL) and
stored at 20 C. All organic solvents and chemicals were of
analytical grade.2.2. Culture conditions and PHB production by batch cell culture
Batch fermentation was performed in ﬂasks at 33 C with shak-
ing at 200 rpm. The KM-1 strain was ﬁrst grown in a 50-mL ﬂask as
a seed culture for 15 h at 33 C with 10 mL unsterilized modiﬁed
SOT medium (Hirano et al., 1995; Kawata et al., 2012), which con-
sisted of 12.6 g/L NaHCO3, 5.3 g/L Na2CO3, 2.0 g/L K2HPO4, 12.5 g/L
NaNO3, 1.0 g/L K2SO4, 1.0 g/L NaCl, 0.2 g/L MgSO4, 0.04 g/L CaCl2,
0.01 g/L FeSO47H2O, 0.08 g/L Na2EDTA2H2O, 2.86 mg/L H3BO3,
1.81 mg/L MnSO47H2O, 0.222 mg/L ZnSO4, 0.079 mg/L CuSO45H2O, 0.39 mg/L Na2MoO42H2O, and 0.049 mg/L Co(NO3)26H2O at
pH 9.4, with 1.0% (w/v) glucose. The culture broth was then inoc-
ulated in 25 mL unsterilized modiﬁed SOT medium in a 200-mL
ﬂask with 5 or 10% (w/v) glucose. All experiments were carried
out in triplicate.
2.3. Determination of PHB content by GC analysis
Optic density at 600 nm (OD600) was measured using a BioSpec-
nano (Shimadzu, Kyoto, Japan). PHB content was analyzed by GC,
as described by Ishizaki and Tanaka (1991), using a commercially
available PHB (Fluka, Buchs, Switzerland) as a standard. For sample
preparation, 0.5 mL KM-1 samples were centrifuged at 20,400g for
3 min at 4 C, washed twice with water, and dried for 2 h using a
vacuum concentrator to determine cell dry mass (CDM). Prior to
GC analysis, the dried cells were subjected to methanolysis with-
out chloroform at 105 C for 3 h (Monteil-Rivera et al., 2007).
2.4. Metabolite sample preparation of Halomonas sp. KM-1 cells for
GC–MS analysis
KM-1 samples were collected during three different growth
phases: logarithmic growth, stationary, and death phases. We col-
lected 500-lL samples from the ﬂasks and they were immediately
quenched to halt cellular metabolism by using 500 lL methanol at
30 C (Pieterse et al., 2006). Prior to extraction, 20 lg ribitol
(Wako) was added as an internal standard. We added 500 lL of
chloroform at 30 C to the methanol/water mixture to break the
cell walls and denature the enzymes (Ruijter and Visser, 1996).
Subsequently, the samples were shaken for 10 min and centrifuged
at 20,400g for 3 min at 4 C to separate the water/methanol and
chloroform phases. The water/methanol phase, containing the ex-
tracted metabolites, was used for further sample workup. The cell
extracts or standard solutions were lyophilized to eliminate any
trace of water. Sample derivatization procedures were performed
according to the method described by Nishiumi et al. (2010). In
brief, the extracts were oximated for 90 min at 30 C with 50 lL
of 20 mg/mLmethoxyamine hydrochloride (Sigma–Aldrich) in pyr-
idine, and then subsequently silanized for 30 min at 37 C with
100 lL N-methyl-N-triﬂuoroacetamide (MSTFA) with 1% trimeth-
ylchlorosilane (Thermo, Waltham, MA, USA).
2.5. GC–MS analysis
The derivatized extracts were analyzed using a GCMS-QP2010
Ultra system (Shimadzu), and the metabolites were separated on
a fused silica capillary column (CP-SIL 8 CB low bleed/MS,
30 m  0.25 mm i.d., ﬁlm thickness, 0.25 lm; Agilent, Santa Clara,
CA, USA). The front inlet temperature was 230 C. The helium gas
ﬂow rate was 1.0 mL/min and the injector split ratio was 1:25.
The injection volume was 1.0 lL, and a solvent delay of 4 min
was used. The injector and source temperatures were kept at
250 C and 200 C, respectively. The column temperature was held
at 80 C for 2 min isothermally, raised by 15 C/min to 330 C, and
held at 300 C for 6 min isothermally. The mass spectrometer was
operated in the electron impact ionization mode at 70 eV. Data
acquisition was performed in the full scan mode from m/z 85 to
500 with a scan time of 0.05 s velocity (Tsugawa et al., 2011).
The chromatograms of all the samples analyzed were subjected
to noise reduction and baseline correction using MetAlign software
prior to the integration of the peak area. All known artifact peaks,
e.g., peaks due to column bleed and MSTFA artifacts, were elimi-
nated in the ﬁnal data analysis. To analyze the metabolite content
of Halomonas sp. KM-1 cells, quantitative analysis was performed
based on commercial standard compounds. As external standards,
21 standards were derivatized by the methods illustrated above.
(A)
0
5
10
15
20
0
10
20
30
40
50
0 12 24 36 48 60
C
D
M
,P
H
B
 [
g/
L]
G
lu
co
se
 [
g/
L]
Culture Time (h)
Y.-X. Jin et al. / Bioresource Technology 140 (2013) 73–79 75The peak areas of the external standards were determined by peak
integration. To perform a quantitative assessment, the peak area of
each quantiﬁed ion was calculated and normalized by the peak
area of an internal standard (ribitol).
2.6. Analysis of extracellular glucose
Capillary electrophoresis was used to analyze glucose content
in the medium. Glucose was derivatized using 1-phenyl-3-
methyl-5-pyrazolone as reported previously (Zhang et al., 2003).
3. Results and discussion
3.1. Viability and biomass (CDM) accumulation of Halomonas sp.
KM-1 as a PHB producer under batch culture and different
concentrations of glucose
A limited number of halophile, e.g., those belonging to Archaea,
Bacteria, and Eukarya, can grow under high pH value conditions
(Quillaguamán et al., 2010), and almost all halophilic bacteria do
not require strict sterile conditions for maintenance of monocul-
ture (Quillaguamán et al., 2007). However, among the moderately
halophilic PHB-producing bacteria, Halomonas sp. KM-1 has some
advantages as it can be cultured under moderately high salinity
(0.2 M salt) (Kawata et al., 2012), which could reduce the total pro-
duction cost compared to that for other Halomonas strains, e.g.,
Halomonas TD01 that is cultured in 0.9 M salt medium (Tan et al.,
2011), and Halomonas boliviensis, which is cultured in 0.8 M salt
medium (Quillaguamán et al., 2008), because high salt concentra-
tion in the medium requires desalination, an expensive process, for
PHB recovery and waste water puriﬁcation. For example, the extre-
mely halophilic archaea Haloferax mediterranei can store large
amounts of PHA (67% w/w) from starch or glucose; however, it also
produces an extracellular polysaccharide, which might interfere
with puriﬁcation of the polymer, and requires high concentration
of salts (25% w/v) for optimum PHA production (Quillaguamán
et al., 2010). In addition, the KM-1 strain was cultured at pH value
9.4; the pH value of the medium was maintained at approximately
9.2 ± 0.3 during cultivation. Furthermore, KM-1 can accrue PHB up
to 60% (w/w) from glucose or other cheaper industrial by-products
(Kawata and Aiba, 2010). Therefore, on the basis of these advanta-
ges, the KM-1 strain has become one of the most suitable candidate
organisms for the industrial production of bioplastic PHB.
The growth of the KM-1 strain during batch culture under aer-
obic conditions was monitored using OD600. Glucose was added to
the KM-1 strain cultures as the sole carbon source at a concentra-
tion of 5% or 10% (w/v) to observe changes in the levels of0
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Fig. 1. Growth curve of Halomonas sp. KM-1 under 5% glucose-supplemented
culture (open circles) and 10% glucose-supplemented culture (ﬁlled circles). Each
data point is the average of the values obtained from samples from three identical
batch experiments.metabolites under different carbon source supply conditions. In
the 5% glucose medium, cell density increased rapidly between
12 and 18 h, was maintained between 18 to 24 h, and decreased
thereafter (Fig. 1). In the 10% glucose medium, cell density in-
creased rapidly between 12 and 36 h, was maintained between
36 to 48 h, and decreased thereafter (Fig. 1). Thus, we deﬁned
the representative growth phases as the exponential phase at
12 h, stationary phase at 24 h, and death phase at 48 h for 5% glu-
cose-supplemented medium, and 18, 36, and 60 h, respectively, for
the 10% glucose-supplemented medium to analysis the metabo-
lites during the different growth phases.
The experiments conducted with the KM-1 strain under batch
cultivation showed a negligible increase in biomass during the
lag phase, i.e., up to 12 h (Fig. 2A and B). After the initial 12 h,
which can be considered a physiological adaptation period, bio-
mass increased signiﬁcantly (Fig. 2A and B). Hängii (1990) reported
a similar type of cell growth for Azohydromonas lata. The maximum
accumulation of biomass was observed during the stationary
growth phase: CDM of 17.2 g/L in 5% glucose-supplemented cul-
ture obtained at 24 h (Fig. 2A) and CDM of 38.4 g/L in 10% glucose
culture at 36 h (Fig. 2B). The increased accumulation of biomass
was mostly proportional to the supplied glucose concentration.3.2. PHB production of Halomonas sp. KM-1 under batch culture and
different glucose concentrations
High PHB levels (50–88 wt.%) have been obtained in batch cul-
tivation of Halomonas strains using glucose, sucrose, volatile fatty
acids, and hydrolyzed starch (Quillaguamán et al., 2005; Tan
et al., 2011), which are regarded as cheap carbon sources for poly-
mer production (Choi and Lee, 1999). PHB production is favored by
a high C:N ratio in a fully dispersed medium; however, the(B)
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Fig. 2. Time proﬁle of CDW accumulation (squares), PHB production (triangles), and
glucose concentration (rhombuses) for 5% glucose-supplemented culture (A) and
10% glucose-supplemented culture (B). Each data point is the average of the values
obtained from samples from three identical batch experiments.
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ratio of both carbon and nitrogen (C:N ratio) facilitates PHB forma-
tion (Patnaik, 2006). Thus, we investigated PHB accumulation in
the KM-1 strain by batch cultivation in a non-sterile modiﬁed
SOT medium, changing the C:N ratio, supplemented with 5% and
10% glucose as the carbon source. Increases in CDM and PHB accu-
mulation in the KM-1 strain were slow until 12 h, and rapidly in-
creased thereafter (Fig. 2). During this transition from the
logarithmic to stationary phase, the glucose concentration in the
medium decreased rapidly, and the production of PHB was inver-
sely proportional to the glucose concentration (Fig. 2). The maxi-
mum PHB concentration, PHB content, and residual carbon
source in 5% glucose-supplemented cultures at 24 h of cultivation
were 8.0 g/L, 44.8% (w/w), and 0.2%, respectively (Fig. 2A), whereas
they were 28.4 g/L, 73.8% (w/w), and 3.0% (normalized to initial
carbon value), respectively, in 10% glucose-supplemented cultures
at 36 h of cultivation (Fig. 2B). Tan et al. (2011) reported an unster-
ile and continuous fermentation PHB production process using
Halomonas TD01, which accumulated 40.0 g/L CDM and 24.0 g/L
and 60% (w/w) PHB in a glucose salt medium. The PHB production
level of 28.4 g/L in the KM-1 strain was higher than that of Halo-
monas TD01 (Tan et al., 2011); thus, the KM-1 strain is considered
to be an appropriate candidate for PHB production.3.3. Metabolite proﬁling of Halomonas sp. KM-1 during the different
growth phases using GC–MS
In order to distinguish the differences in metabolites related to
PHB accumulation in the KM-1 strain, samples were taken during
three different growth phases: logarithmic (12 h for 5% and 18 h
for 10% glucose), stationary (24 h for 5% and 36 h for 10% glucose),
and death (48 h for 5% and 60 h for 10% glucose). Individual intra-
cellular metabolites were analyzed, and a total of 98 peaks were
obtained (Fig. S1). We identiﬁed 53 metabolites using the NIST
MS Search 2.0 Library (National Institute of Standards and Technol-
ogy, USA), and 21 metabolites displayed marked differences be-
tween the 5% and 10% glucose cultures at each time point.
These comparisons provided a longitudinal view of the pro-
cesses that occur in the cells during each growth phase in theTable 1
Quantitative determination of metabolite concentrations during the different growth phas
Metabolite Concentration (mg/L), n = 3
Logarithmic phase Stationary
5%, 12 h 10%, 18 h 5%, 24 h
Pyruvate 0.010 ± 0.002 1.118 ± 0.145 1.133 ±
Lactate 3.392 ± 0.271 3.388 ± 0.492 3.899 ±
3-HB N.D. N.D. 174.612 ±
Valine 0.843 ± 0.016 0.038 ± 0.009 0.537 ±
Glycerol 15.699 ± 1.293 11.129 ± 0.897 31.341 ±
Proline 0.082 ± 0.016 0.048 ± 0.013 0.063 ±
Glycine 0.480 ± 0.051 1.361 ± 0.215 2.389 ±
Succinate 0.981 ± 0.098 8.705 ± 1.362 14.870 ±
Glycerate 3.276 ± 0.257 9.433 ± 0.549 5.324 ±
Uracil 2.401 ± 0.262 1.696 ± 0.196 1.424 ±
Fumarate 0.934 ± 0.119 1.014 ± 0.184 1.622 ±
Serine 0.289 ± 0.081 0.452 ± 0.066 0.526 ±
Thymine 0.129 ± 0.018 0.566 ± 0.135 0.682 ±
Malate 0.740 ± 0.079 0.944 ± 0.107 0.572 ±
Aspartate 1.190 ± 0.026 0.603 ± 0.141 1.692 ±
5-Oxoproline 26.383 ± 1.332 60.638 ± 5.477 143.596 ±
PEP 0.061 ± 0.019 N.D. 1.726 ±
Glutamate 0.169 ± 0.034 0.317 ± 0.097 1.603 ±
Phenylalanine 0.124 ± 0.017 0.475 ± 0.062 0.446 ±
Glutamine 1.015 ± 0.033 1.611 ± 0.032 1.549 ±
Citrate 0.955 ± 0.069 1.346 ± 0.291 1.388 ±
Data represent mean ± S.D. of KM-1 (mg/L) of three separate samples. 3-HB, 3-hydroxy-presence of different glucose concentrations. The 21 differentially
detected metabolites are shown in Table 1, while Fig. 3 shows a vi-
sual summary of the metabolites in the KM-1 strain. Temporal
changes in the levels of individual metabolites would suggest the
cellular mechanisms responsible for the phenotypic changes re-
lated to PHB production. These detected metabolites were mainly
involved in the tricarboxylic acid (TCA) cycle, lipid synthesis, ami-
no acid metabolism, and PHB synthesis. On comparing the amount
of metabolites during the different phases, most of the changes
were found to correspond to their upregulation during the station-
ary phase than during the logarithmic and death phases. When 5%
glucose was used for cell cultivation, the upregulation of 17 metab-
olites and 8.0 g/L PHB were observed during the stationary phase at
24 h; whereas when 10% glucose was applied during the same
phase, the upregulation of 11 metabolites and 28.4 g/L PHB were
observed at 36 h (Figs. 2 and 3). Bacteria that can synthesize PHA
can be divided into two groups. The ﬁrst group, accumulating
PHA during the stationary phase, includes Ralstonia eutropha and
Bacillus thuringiensis IAM 12077 (Pal et al., 2009). The second
group, accumulating PHA during the growth phase, includes Azohy-
dromonas lata and Azotobacter vinelandii (Li et al., 2007). The Halo-
monas sp. KM-1 belongs to the ﬁrst group because PHB
accumulates during the stationary phase.
When 10% glucose was used for cell cultivation, PHB and bio-
mass reached their maximum levels during the stationary phase
at 36 h. During the 18–36 h period, more intermediate metabolites
are required to support the production of PHB, leading to the
downregulation of other metabolites. In particular, pyruvate, va-
line, glycerate, fumarate, aspartate, 5-oxoproline, phenylalanine,
and glutamine levels decreased under the 10% glucose-supple-
mented culture condition (Fig. 3).3.3.1. TCA cycle metabolites
The TCA cycle is a key metabolic pathway in all aerobic organ-
isms to generate energy, e.g., via NADH and NADPH. Nicolas et al.
(2007) reported that a large amount of NADPH was consumed dur-
ing PHB synthesis. Therefore, the TCA cycle was accelerated to pro-
duce substantial amounts of NADPH, thereby leading to the
accumulation of intracellular TCA cycle metabolites. Here, thees in Halomonas sp. KM-1 cells.
phase Death phase
10%, 36 h 5%, 48 h 10%, 60 h
0.217 0.925 ± 0.111 0.976 ± 0.068 0.769 ± 0.043
0.131 4.211 ± 0.259 3.803 ± 0.699 3.653 ± 0.425
19.945 105.817 ± 5.948 N.D. N.D.
0.056 N.D. 0.523 ± 0.104 N.D.
5.353 11.529 ± 1.076 8.781 ± 1.019 5.283 ± 0.531
0.012 0.073 ± 0.027 0.162 ± 0.047 0.226 ± 0.016
0.332 1.592 ± 0.184 0.909 ± 0.039 0.785 ± 0.063
2.826 12.806 ± 0.583 1.435 ± 0.178 1.166 ± 0.011
0.924 6.257 ± 0.570 0.588 ± 0.089 N.D
0.261 3.711 ± 0.422 1.331 ± 0.350 0.901 ± 0.136
0.118 0.974 ± 0.082 0.817 ± 0.127 0.601 ± 0.039
0.067 0.742 ± 0.231 0.321 ± 0.052 0.233 ± 0.021
0.198 0.173 ± 0.048 0.139 ± 0.039 0.077 ± 0.022
0.106 1.310 ± 0.113 0.056 ± 0.009 0.034 ± 0.009
0.272 0.025 ± 0.005 0.557 ± 0.122 0.335 ± 0.043
20.201 27.331 ± 0.783 2.180 ± 0.354 2.326 ± 0.172
0.325 1.251 ± 0.107 0.052 ± 0.011 0.177 ± 0.040
0.317 0.740 ± 0.172 1.441 ± 0.262 2.169 ± 0.272
0.018 N.D. N.D. N.D
0.189 1.187 ± 0.247 0.415 ± 0.021 N.D.
0.431 15.957 ± 3.125 0.184 ± 0.064 N.D.
butyrate; PEP, phosphoenolpyruvate.
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78 Y.-X. Jin et al. / Bioresource Technology 140 (2013) 73–79levels of three pivotal intermediates of TCA cycle metabolites, i.e.,
succinate, fumarate, and citrate, were found at higher levels in the
5% and 10% glucose-supplemented cultures, except for malate in
the 5% culture, when the strain was shifted from the logarithmic
growth phase to the stationary PHB production phase (Table 1).
The NADPH produced was used as a coenzyme of acetoacetyl-
CoA reductase for the conversion of acetoacetyl-CoA to (R)-3-
hydroxybutyryl-CoA. From these results, it can be said that PHB
production is enhanced by the promotion of the TCA cycle, which
produces NADPH in excess.
In addition to these metabolites, upstream of phosphoenolpyr-
uvate, pyruvate and lactate were also increased to a high concen-
tration in 5% and 10% glucose-supplemented cultures. Since
lactate can be converted to pyruvate, phosphoenolpyruvate, pyru-
vate, and lactate can be used as precursors of the TCA cycle. These
data indicate that the TCA cycle is activated simultaneously with
PHB accumulation during the stationary phase (Fig. 3).
3.3.2. Lipid synthesis metabolites
Lipids are essential membrane structures and constitute impor-
tant components of cellular activities. In this study, we observed
changes in serine, glycerate, and glycerol levels, which are essential
for the synthesis of phospholipids (Table 1).
To understand the relationship between these compounds and
PHB synthesis, it is important to note that serine is a vital compo-
nent of phosphatidylserine synthesis, glycerate is the precursor of
glycerol, and glycerol is a component of phospholipids. In our
study, the amount of serine was not increased signiﬁcantly during
the stationary phase compared to the other phases for both 5% and
10% glucose-supplemented cultures. However, for cell growth, the
levels of upstream glycerate and glycerol in 5% glucose-supple-
mented cultures increased during the stationary phase, while the
biosynthetic pathway for PHB synthesis was limited (Fig. 3). For
10% glucose-supplemented cultures, the levels of upstream glycer-
ate and glycerol were decreased or not signiﬁcantly changed dur-
ing the stationary phase, while the biosynthetic pathway for PHB
synthesis was activated. Therefore, lipid and PHB synthesis were
somewhat related to each other (Fig. 3).
3.3.3. Amino acid metabolites
Metabolome analysis data suggested that the amino acid
metabolites could be classiﬁed into three different groups. The ﬁrst
amino acid group included glycine, glutamate, phenylalanine,
aspartate, glutamine, and 5-oxoproline; their levels were increased
during the stationary phase compared to the logarithmic phase,
and then decreased thereafter. This type of amino acid is probably
the result of metabolic reprogramming to meet the needs of energy
balance and anabolic precursors in this strain (Tadi et al., 2013).
The second amino acid group included valine, 5-oxoproline,
phenylalanine, and glutamine, and their levels decreased during
the stationary phase, compared to the levels in the logarithmic
phase (Fig. 3); in particular, the high levels of 5-oxoproline were
decreased signiﬁcantly. In this case, the shift of the biosynthetic
pathway from the exponential phase to the stationary PHB produc-
tion phase blocked the amino acid synthesis pathway, especially
the reaction leading from a-ketoglutarate to glutamate synthesis.
Therefore, the levels of 5-oxoproline were decreased when higher
levels of PHB accumulated during the stationary phase (Fig. 3).
The third amino acid group included proline, aspartate, and glu-
tamate; their levels increased during the transition from the sta-
tionary phase to the death phase when 10% glucose was used.
Although the concentrations of most of the metabolites decreased
during the death phase, the levels of the third type of amino acids
were increased. To our knowledge, this type of amino acid metab-
olite transition has not been reported previously. Therefore, a rela-
tionship between amino acid and PHB synthesis was not found ingeneral, except for the reaction from a-ketoglutarate to glutamate
synthesis (Fig. 3).
3.3.4. PHB synthesis pathway
PHAs such as PHB are biodegradable polyesters synthesized by
many microorganisms. 3-Hydroxybutyric acid (3-HB) is the sole
monomer of PHB and has recently attracted much interest due to
its potential utilization as a chiral compound precursor in ﬁne
chemistry (Gao et al., 2002).
Kawata et al. (2012) reported the production of intracellular 3-
HB during the stationary stage of Halomonas sp. KM-1 under aero-
bic culture conditions. Therefore, we analyzed Halomonas sp. KM-1
metabolites during the different growth phases and found intracel-
lular accumulation of 3-HB only during the stationary phase when
PHB was produced at a high level; the levels of 3-HB in the 5% and
10% glucose-supplemented cultures during the stationary phase
were 174.6 and 105.8 mg/L, i.e., 2.18% and 0.37% of the accumu-
lated PHB, respectively (Fig. 3). Therefore, the production of 3-HB
and PHB was considered to be closely related to each other. The
possible metabolic pathway for 3-HB production can occur via
three mechanisms. The ﬁrst pathway is the depolymerization of
PHB by PHB depolymerase, the second is the conversion of aceto-
acetate into 3-HB by 3-HB dehydrogenase, and the third is the
catalysis of the acetyl CoA-regenerating pathway by coenzyme A
transferase to produce 3-HB (Matsumoto et al., 2013; Tokiwa and
Ugwu, 2007). Recently, the former pathway was reported for the
secretion of 3-HB under microaerobic condition (Kawata et al.,
2012). In this experiment, 3-HB production was mainly considered
to be depolymerized from PHB by PHB depolymerase, according to
the following supporting data. Glucose was not detected during the
stationary phase in 5% glucose-supplemented cultures at 24 h,
while 3.0 g/L glucose was detected in 10% glucose-supplemented
cultures at 36 h (Fig. 2). The concentrations of CDM and PHB were
17.2 and 8.0 g/L at 24 h and 16.5 and 6.2 g/L at 36 h in 5% glucose-
supplemented cultures, and 38.4 and 28.4 g/L at 36 h, and 37.5 and
27.1 g/L at 48 h in 10% glucose-supplemented culture, respectively.
The decrease in the ratio of CDM and PHB in 5% glucose-supple-
mented cultures was faster than in 10% glucose-supplemented cul-
tures. Therefore, PHB synthesis decreased to a greater degree and
stored intracellular PHB was utilized more in 5% glucose-supple-
mented cultures than in 10% glucose-supplemented cultures
(Fig. 2). Therefore, we assume that promoting the activity of PHB
synthase and depolymerase lead to the increased production of
3-HB in 5% glucose-supplemented cultures than in 10% glucose-
supplemented cultures (Fig. 3). Detailed analysis of 3-HB levels
and characterization of the regulation of 3-HB production remain
to be performed.
4. Conclusion
Halomonas sp. KM-1 can produce marked amounts of PHB using
an economical medium component and simple equipment. In addi-
tion, metabolomic investigations of KM-1 revealed the alteration of
metabolites related to PHB accumulation during different growth
phases. These ﬁndings suggest that multicomponent and phase-
speciﬁc mechanisms are observed in the production of PHB using
Halomonas sp. KM-1. Ultimately, following this study, further
investigations to optimize the medium and metabolic engineering,
e.g., decreasing the glycolysis pathway, lipid synthesis, amino acid
synthesis, and 3-HB production, should lead to even higher levels
of PHB production.
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